The adenovirus mutant ONYX-015 is in phase III clinical trials as a novel antitumor therapy. Its apparent efficacy is thought to be due to its ability to replicate selectively in tumor cells defective in the signaling pathway for p53. Recent data have shown that p14 ARF , a positive regulator of p53, inhibits ONYX-015 replication in cells with a wild-type p53, a phenotype that characterizes normal cells. We, however, found that ONYX-015 activates p53 in tumor cells and in normal cells and that this can occur without p14 ARF induction. We also show that ONYX-015 is not attenuated in cells with functional p53, whether or not p14 ARF is expressed, and that where attenuation does occur, it is cell type specific.
Although human adenoviruses (Ads) were used nearly 50 years ago to treat cervical cancers, with some modest success (36) , widespread clinical use did not occur due to the lack of tumor selectivity. One strategy to improve tumor cell selectivity centers on the well-established observation that tumor cells have a deregulated cell cycle due to loss of tumor suppressor gene function.
Ads express E1a proteins that bind to the tumor suppressor gene product pRb105 (42) , releasing bound transcription factor E2F, which in turn induces cells into S phase (25, 27) . Similarly, Ads also express proteins that bind and inactivate the p53 tumor suppressor gene product (5, 43, 45) . These interactions are thought to maximize virus replication by creating an environment conducive to virus growth. Since tumor cells are frequently defective in p53 and/or genes that regulate pRb105 function, it is thought that Ads defective in genes that disable pRb105 and/or p53 may selectively replicate in tumors but would be attenuated in normal cells.
One such Ad is ONYX-015 (originally dl1520) (2) . This virus has received considerable attention as a new cancer therapy (24) , as it was originally shown to replicate only in tumor cells defective in the p53 tumor suppressor gene (4) . This virus does not express the E1b 55-kDa protein due to a large deletion in the E1b gene (2) . Following infection with wild-type (wt) Ad, the E1b 55-kDa protein, along with another viral protein (E4ORF6 gene product), binds p53, causing it to be degraded (13, 31, 37) . After infection with viruses deficient in either of these viral proteins, such as ONYX-015, there is an increase in p53 levels due to the stabilizing influence of E1a gene products (13, 21) . Although there are other mechanisms of p53 stabilization (10) , one way that this can occur is through binding of E1a to pRb105, which leads to transactivation of the p14 ARF gene by the released E2F (3) . p14
ARF in turn binds the MDM2 protein (29) , which normally promotes the degradation of p53 through the ubiquitin pathway (23) . Binding of p14 ARF neutralizes or degrades MDM2, resulting in a rise in p53 (29, 46) . Such a stabilization of p53 would result in either a cell cycle arrest due to p53 transactivating the cyclin-dependent kinase inhibitor p21 CIP1/WAF1 or an induction of apoptosis. It has been argued (4) that infection of normal cells with ONYX-015 would induce only cell cycle arrest, as apoptosis would be prevented by the viral E1b 19-kDa antiapoptotic protein. The resultant cell cycle arrest would then restrict virus DNA synthesis, as ONYX-015 is unable to degrade p53 and overcome the arrest. Thus, it is predicted that ONYX-015 would be attenuated in normal cells. By contrast, in tumor cells deficient in p53 (or in the p53 pathway) cells would continue to replicate, thereby promoting ONYX-015 replication leading to tumor cell lysis (4) . As p53 defects are characteristic of many tumors (19) , if the hypothesis is correct, ONYX-015 would have a capacity to distinguish normal cells from tumor cells, a necessary criterion for tumor therapy.
Initial reports suggested that ONYX-015 did in fact selectively kill tumor cells harboring a defective p53 gene (4, 17) . However, subsequent reports have shown that ONYX-015 replicates in, and kills, tumor cells with wt p53 at least as efficiently as cells defective in p53 (9, 11, 12, 15, 34, 39 ; reviewed in reference 8). To explain these observations, it has been suggested that all tumor cells are deficient either in p53 itself or in the p14 ARF gene (32) . The prevailing argument is that without p14 ARF , stabilization of p53 by E1a would not occur. However, in normal cells, p14 ARF is present, so E1a would induce p14 ARF , leading to loss of MDM2 and allowing p53 to be activated. Activated p53 would then cause a cell cycle arrest, inhibiting ONYX-015 replication.
Although there is some evidence to support this model (32, 38) , equally, there are aspects of it that presently lack experimental support. For example, it is not clear whether the E1b 19-kDa protein can completely prevent apoptosis in normal cells as is required for the virus to be attenuated. In addition, as there are other pathways of p53 stabilization and activation by viral E1a proteins (7, 10, 30) besides that involving p14 ARF , it is not clear that ONYX-015 replication will always be controlled by p14
ARF . In this paper we have addressed the latter issue. We have asked whether p14 ARF is essential for activation of p53 by ONYX-015 in tumor and normal cells and whether this activation affects ONYX-015 replication. Our data suggest that in some, but not all, cases p53 is transcriptionally activated independently of p14 ARF in both normal and tumor cells and that neither p53 by itself nor p53 in combination with p14 ARF selectively inhibits ONYX-015 replication.
MATERIALS AND METHODS
Cell lines. 293 cells (ATCC CRL-1573) were used for propagating wt Ad5 and ONYX-015, as they contain the E1a and E1b genes. Cell lines containing wt p53 were A549 lung cancer cells (ATCC CCL-185), HepG2 hepatoma cells (ATCC HB-8065), RKO colon carcinoma cells (35) , U2OS osteosarcoma cells (22) , normal mammary epithelial cells (Bre80) (20) , and early-passage human diploid fibroblast (HDF) cells. Cell lines containing mutant p53 were T98G glioma cells (ATCC CRL-1690), C33A cervical carcinoma cells (4), J82 bladder carcinoma cells (ATCC HTB-1), and HT29 colon cancer cells (ATCC HTB-38). Cells that are null for p53 were Saos2 osteosarcoma cells (22) , H1299 lung cancer cells (38) , and IIICF/c Li Fraumeni skin fibroblasts (33) . Other cells used were RKO p53.13 cells, which are RKO cells transfected with a dominant negative mouse p53 mutant (35) ; HeLa cells, which contain an integrated human papillomavirus genome (ATCC CCL-2), and GM639DM and GM847DM cells, which contain large T antigen from simian virus 40 (41) . H24-H1299 cells are a variant of H1299 cells containing a tetracycline (TET-off)-inducible wt p53 (6) . Most cells were grown in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal bovine serum at 37°C with 10% CO 2 . Additionally, H24-H1299 cells were maintained with 2 g of puromycin per ml, 300 g of G418 per ml, and 4.5 g of tetracycline per ml (6) . Epithelial cells were grown in serum-free medium (MCDB.170; Invitrogen Life Technologies) supplemented with 5 g of gentamicin per ml according to a published protocol (20) . Cells were passaged to no more than 80% confluence and split at a ratio of 1:16. The medium was changed every 2 to 3 days.
Ads. wt Ad5 and ONYX-015 (dl1520) (2) were used for the experiments described in this paper. All viruses were grown on 293 cells and titrated on 293 cells by using a cytopathic effect (CPE) assay (26) . Virus titers were standardized in CPE units, defined as the virus dose which causes 50% CPE of 293 cells after 3 days of infection.
Virus replication. Virus replication was carried out using a CPE assay as described previously (26) and in some cases also a plaque-forming assay. Briefly, various cell lines were seeded into six-well plates and then infected with the indicated doses of Ads. After 3 to 5 days of infection, virus was recovered from each cell type, serial dilutions were prepared, and CPE and plaque assays were set up in quadruplicate using 293 cells to estimate the amount of virus replication.
Transcriptional reporter assays. Cells were seeded at 2 ϫ 10 5 cells/well (sixwell plates) and incubated overnight. Cells were transfected with 2 g of plasmid according to the instructions of the manufacturer (FuGENE 6 transfection reagent; Roche). Constructs used were the p21 CIP1/WAF1 promoter and its control, p21op53 (with the p53 response element deleted), both of which were linked to the luciferase reporter. Cells were infected 6 h later with the appropriate virus (wt Ad5 or ONYX-015) at 10 to 20 CPE units/cell (A549 and Bre80 cells), 50 CPE units/cell (RKO cells), or 300 CPE units/cell (HDF cells). Cells were harvested at the indicated times, cell numbers were determined, and cell pellets were frozen until required. Cells were lysed and assayed for luciferase activity according to the instructions of the manufacturer (Luciferase assay system; Promega). Results were standardized according to cell number, and all experiments were done in duplicate and repeated one or two times.
Immunoblotting. In general, about 10 6 cells were seeded and infected with viruses as described above. At the indicated times, protein lysates were prepared in lysis buffer ( 
RESULTS

p14
ARF protein is often undetectable in tumor cells expressing wt p53. To confirm the idea of there being a negative feedback loop in which overexpression of p53 reduces p14 ARF (38), we used immunoblotting to determine p14 ARF protein levels in a panel of tumor cell lines that vary in their p53 status. The results of these experiments are summarized in Table 1 . We found that p14 ARF protein was undetectable in 6 of 11 cell lines containing a wt p53 gene. Four of the cell lines in which p14 ARF was detectable contain integrated viral genomes, from human papillomavirus (HeLa cells), Ad (293 cells) and simian virus 40 (GM639DM and GM847DM cells), all of which express proteins which neutralize p53 activity. Bre80, however, expressed both p53 and p14 ARF , although the level of p14 ARF was lower than that in several cell lines expressing a mutant p53 (Table 1 ; see Fig. 2 ). In cells with mutant p53 genes or cells with p53 deleted, moderate to high levels of p14 ARF protein were detected, but there were exceptions. The p53 null cell line IIICF/c and the p53 mutant cell line T98G expressed no p14 ARF . In both of these cases there are reported defects in the INK4A gene, encoding p14
ARF (18, 33) , and so these cell lines are unable to express p14 ARF . Cell lines RKO and RKO p53.13 are interesting, as RKO has a wt p53 and does not express p14 ARF , consistent with the observed reciprocal relationship between p53 
ARF protein levels were determined by immunoblotting as described in Methods and Materials. Where p14 ARF protein was not detected, the gene status was determined, either from the literature or by PCR. p53 status was determined from the literature (18, 20, 32, 33, 38, 41) .
b DN, dominant negative; E6, E6 gene product from human papillomavirus; E1b55k, E1b 55-kDa gene product from human adenovirus; LT, large T antigen from simian virus 40.
c ND, not detected.
and p14 ARF . However, its isogenic variant, RKO p53.13, expressing a dominant negative mutant p53 (35) , shows no upregulation of p14 ARF , as might be expected if there is a negative feedback by p53 on p14 ARF expression. Thus, in these cells, it is likely there are other alterations in the p14 ARF /p53 pathway. In general, however, our data are consistent with the hypothesis that during tumor development there is selection against p53 itself or against p14 ARF . To explore the issue of feedback further, cell line H24-H1299, which contains an inducible p53 (6), was used in immunoblotting experiments to determine the relative levels of p14 ARF after induction of p53. H24-H1299 cells contain an inducible wt p53 that becomes active upon removal of tetracycline. p14
ARF was readily detected in uninduced cells, whereas p53 was not (Fig. 1) . Following induction of p53, p14 ARF levels were a little lower, but not markedly so. These data show that p53 does not have a profound effect on p14 ARF expression. We similarly found no down-regulation of p14 ARF after transient transfection of Saos2 cells with a wt p53 expression construct (data not shown).
ONYX-015 stabilizes p53 in tumor and normal cells independently of p14 ARF. In order to determine the relationship between p53 and p14 ARF expression following infection with wt Ad5 and ONYX-015, cells were infected with these viruses, and the relative levels of p53 were determined by immunoblotting. p53 was readily detected in mock-infected A549 and HDF cells (Fig. 2) , although this declined by 72 h, most likely due to contact inhibition since the cells were crowded by this time. However, p53 was barely detectable in RKO and Bre80 cells. p53 was readily detected 24 h after infection of A549 cells with wt Ad5 but disappeared thereafter. By contrast, a steady and marked increase in p53 was observed after infection with ON-YX-015. In Bre80 cells, p53 was not detected after infection with wt Ad5, but a marked stabilization was observed after infection with ONYX-015. However, in RKO and HDF cells, p53 levels increased after infection with both wt Ad5 and ONYX-015.
MDM2 and p14 ARF levels were measured in parallel with p53 (Fig. 2) . MDM2 was not detected in uninfected A549, RKO, and HDF cells but was readily detected in Bre80 cells. After infection with wt Ad5 and ONYX-015, MDM2 levels rose dramatically with essentially the same kinetics in all cells except Bre80. In Bre80 cells, MDM2 levels did not change after wt Ad5 infection but declined markedly after infection with ONYX-015. In contrast, p14 ARF was undetectable in A549, RKO, and HDF cells (data not shown), whether or not they were infected, but was detectable in Bre80 cells (Fig. 2) . We conclude that p53 is stabilized by ONYX-015 in all cells and by wt Ad5 in some cases. Moreover, the postinfection stabilization of p53 can occur in the absence of p14 ARF . ONYX-015 induces transcriptionally active p53 in normal and tumor cells. To determine whether the p53 induced by ONYX-015 infection was functional, a reporter assay was carried out with a plasmid containing the p21 CIP1/WAF1 promoter linked to the luciferase reporter. The results for A549 cells (Fig. 3) show that the p21 CIP1/WAF1 reporter activity steadily increased over time after ONYX-015 infection, to reach a maximum of about 15-fold above the starting level. In contrast, wt Ad5 had little effect on promoter activity. In the same experiment, activity from a p21 CIP1/WAF1 reporter with the p53 response element deleted (p21op53), was not increased by either ONYX-015 or wt Ad5. These results show that p53 is transcriptionally active after infection with ONYX-015, but not with wt Ad5, as reported previously (14) and are consistent with the increased levels of p53 present after ONYX-015 infection of these cells (Fig. 2) . In addition, after ONYX-015 infection of A549 cells, we detected binding of p53 to its cognate binding site in electrophoretic mobility shift assays but not under the other conditions (data not shown).
RKO cells were also transfected with the p21 CIP1/WAF1 reporter constructs, and their activities were determined after infection (Fig. 3) . In contrast to the A549 data, both wt Ad5 and ONYX-015 had little effect on promoter activity.
When HDF cells were infected with ONYX-015, p53 promoter activity increased over time (Fig. 3 ), in parallel with increased p53 protein (Fig. 2) . However, little change in promoter activity was observed after infection with wt Ad5. Again, as for the A549 cells, the increased promoter activity was p53 dependent, as the promoter without the p53 binding site was not activated by either virus.
For Bre80 cells, promoter activity again increased after infection with ONYX-015 but not after wt Ad5 infection (Fig. 3) .
We conclude from these experiments that p53 can be transcriptionally activated upon ONYX-015 infection independently of p14 ARF . The data also show that p53 stabilization and transcriptional activation are not strictly linked.
ONYX-015 replication is independent of p53 and p14 ARF status. Next we measured the relative abilities of wt Ad5 and ONYX-015 to replicate in all of the above-described cells, as well as in the variant RKO cell line RKO p53.13, which expresses a dominant negative p53 (35) . Cells were infected with wt Ad5 and ONYX-015, and at the indicated times after infection virus was harvested. The virus yield from each cell type was then estimated by using CPE and plaque assays on 293 cells. We found that titer estimates were different with the two assays (Table 2) , although not markedly so, but the trends were nonetheless similar. ONYX-015 was found to be attenuated about 3-to 4-fold compared with wt Ad5 in A549 cells and about 10-fold in RKO cells, by both CPE and plaque assays ( ARF is highly expressed, we compared the abilities of ON-YX-015 and wt Ad5 to replicate in H24-H1299 cells. As described above, H24-H1299 cells contain an inducible wt p53 that becomes active upon removal of tetracycline and also express comparatively large amounts of p14 ARF that are only slightly reduced upon p53 induction (Fig. 1) . To demonstrate that removal of tetracycline induces functional p53, two experiments were done. First, a cell growth experiment was carried out. The results (Fig. 4A) show that up to 6 days after removal of tetracycline, there was little change in the overall cell number, although this increased about threefold by day 8. These data indicate that the majority of the cell population is growth arrested. By contrast, cells maintained in tetracycline increased 20-fold over the time course of the experiment. Second, the cells were assayed for their ability to activate the p21
promoter in a luciferase reporter assay. The results (Fig. 4B) show a time-dependent activation of p21 CIP1/WAF1 promoter activity after removal of tetracycline. This activation is p53 dependent, as a control promoter which lacks the p53 response element (p21op53) was not activated.
Next, H24-H1299 cells were infected with wt Ad5 and ON-YX-015 in the presence and absence of tetracycline. After 5 days of infection, virus was harvested and a CPE assay was carried out on 293 cells. The results (Fig. 4C ) are expressed as a ratio of CPE under induced and uninduced conditions for each virus. If there is no difference in the replication ability of the viruses under each condition, then the CPE ratio would always be equal to 1.0. Any divergence from 1.0 indicates replication differences. The results show that after p53 induction there is a small decrease in the ability of both viruses to induce CPE, but there is little difference between wt Ad5 and ONYX-015. These data, as well as those above, do not support the hypothesis that p53 in combination with p14 ARF selectively impairs ONYX-015 replication.
DISCUSSION
Recent reports (32, 38) have suggested that during tumor development there is selection against a functional p53 pathway and that this can occur either by inactivation of p53 itself or by inactivation of p14 ARF . A negative feedback loop in which overexpression of p53 reduces p14 ARF has also been postulated (38) . It has been further suggested (32) that the antitumor adenovirus ONYX-015 is attenuated by p14 ARF in normal cells expressing wt p53. Infection of normal cells with ONYX-015 would cause an up-regulation of p53, as MDM2 would be neutralized by an induction of p14 ARF . The activation of p53 would then restrict replication of the virus. These reports go on to suggest that in tumor cells with wt p53, in which p14
ARF is not present, the signaling pathway to p53 would be defective. Under these conditions, one might expect no p53 activation in response to infection, thus allowing ON-YX-015 to replicate, causing tumor cell lysis. In this way, ON-YX-015 would selectively replicate in and destroy tumor cells (32, 38) .
Consistent with previous reports (32, 38) , the data presented FIG. 3 . ONYX-015 can activate the p21 CIP1/WAF1 promoter in tumor and normal cells. Cells were transfected with the p21 CIP1/WAF1 promoterluciferase reporter constructs with and without (op53) the p53 response element and subsequently infected with wt Ad5 or ONYX-015 as described in Materials and Methods. At different times postinfection, cells were harvested and luciferase activity was determined. All samples were standardized to the same cell number. (Table 1) show that in almost every case there is a reciprocal relationship between p53 and p14 ARF expression. However, some of our data are not consistent with a direct feedback loop (38) in which a rise in p53 reduces p14 ARF . Down-regulation of p53 by a dominant negative mechanism in RKO p53.13 cells does not increase p14 ARF expression (Table 1) , and we find that the induction of p53 in the cell line H24-H1299 has little influence on p14 ARF expression (Fig. 1) . Why there is such a marked difference between our data and the previous report is not clear, but it is unlikely to be due to the induction system or timing, as these are similar in both studies. Cell type differences may well be influencing the outcome of the result. For example, there may be some other defect in the p14 ARF /p53 pathway in H24-H1299 cells that interferes with the feedback by p53 on p14 ARF expression. However, we also observed no p53-directed down-regulation of p14 ARF in ON-YX-015-infected Bre80 cells (Fig. 2) , and we have been unable to lower p14 ARF expression after transient transfection of cells with a wt p53 expression construct (data not shown). These data raise some questions about the generality of the feedback loop.
Several reports have shown that p53 is degraded as a result of binding to the E1b 55-kDa and E4ORF6 proteins (13, 31, 37) . Conversely, in the absence of either the E1b 55-kDa or E4ORF6 protein, p53 levels rise as a result of a stabilization event. Recent work has shown that this occurs in both tumor and normal cells. A report by Ries et al. (32) showed that infection of HCT116 tumor cells with ONYX-015 resulted in a rise in p53 but no marked change in MDM2 or p21 CIP1/WAF1 . That report also showed that there was no transcriptional activation of a p53 reporter construct after ONYX-015 infection and no induction of p14 ARF . However, in normal endothelial cells, there was an induction of p53 and p14 ARF . To extend these observations, we carried out similar experiments using normal HDF cells, normal human mammary epithelial (Bre80) cells, and two tumor cell lines containing a wt p53 gene, A549 and RKO. We found an induction of p53 in all cell types examined after ONYX-015 infection (Fig. 2) , as has been reported previously (13, 31, 37) . This was paralleled by an induction of MDM2, except in Bre80 cells, in which MDM2 expression was lost. Where MDM2 induction was evident, it did not occur until 48 h after infection and was not observed at 24 h, the latest time examined by Ries et al. (32) . p14 ARF was not detected in either of the two tumor cell lines or in HDF cells and was not induced after infection. However, p14 ARF was clearly detected in Bre80 cells.
Infection of A549 cells with wt Ad5 caused a decline in p53 expression, consistent with reports that the E1b 55-kDa protein facilitates p53 degradation (13, 31, 37) . However, wt Ad5 induced p53 in both RKO and HDF cells. This was not expected, but it was reproducible. Like ONYX-015, wt Ad5 also induced MDM2 in A549, RKO, and HDF cells. This induction is most likely a direct effect of the virus, as it occurred only in infected cells (Fig. 2) . In Bre80 cells, p53 was not detected following infection with wt Ad5. Taken together, these data suggest that in response to infection p14 ARF promotes MDM2 degradation and that this is inhibited by the E1b 55-kDa protein. Thus, the E1b 55-kDa protein may interact directly with of p14 ARF , MDM2, or both. High levels of MDM2 concomitantly induced with p53, in the absence of p14 ARF , would suggest that the induced p53 will be nonfunctional, as found previously in HCT116 cells (32) . We, however, found that ONYX-015 substantially induced activity of the p21 CIP1/WAF1 promoter in a p53-dependent manner in both HDF and A549 cells but not in RKO cells (Fig. 3) . By contrast, wt Ad5 had little or no inductive effect in each case, consistent with the E1b 55-kDa protein inhibiting p53-dependent transactivation (43, 44) . These data suggest that some of the p53 that is induced after ONYX-015 infection is transcriptionally active in some cells, irrespective of whether they are normal or tumor derived, and, moreover, that this does not always require p14
ARF . This result is not entirely unexpected, as, in addition to stabilization of p53 by p14 ARF , other mechanisms have been reported (10) . These involve an interaction between N-terminal domains of E1a and transcription factor pRb105 or p300/CBP (7, 30) or between a similar region of E1a and the 26S proteasome (40) . It is interesting that p53 in Bre80 cells is far more transcriptionally active after ONYX-015 infection, presumably reflecting the MDM2-neutralizing ability of the expressed p14
ARF . An alternative explanation for the high levels of MDM2 together with p53 is that the MDM2 is nonfunctional or that virus can subvert normal MDM2 function. Since we have seen the same pattern not only in tumor cells but also in HDF cells, which are considered to be normal, a defect in MDM2 probably cannot account for all of our observations. Next we asked whether there were any differences in ON-YX-015 replication in cells in which the virus induces functional p53 with (Bre80 cells) or without (A549 and HDF cells) p14 ARF and in cells in which neither is induced (RKO and RKO p53.13 cells). Compared to that of wt Ad5, ONYX-015 replication was markedly reduced in the normal HDF cells but only modestly reduced in the other cells examined (Table 2) . Importantly, there was no obvious restriction of ONYX-015 replication in Bre80 cells, in which both p14 ARF and p53 are present and in which MDM2 expression has been lost. These data stand in stark contrast to the proposed mechanism for ONYX-015 selectivity. It would seem that where ONYX-015 attenuation occurs, it is cell type dependent and can be independent of the p53/p14 ARF pathway. This conclusion is further supported by the data in Fig. 4 , which show that high levels of p14 ARF in conjunction with wt p53 (inducible H24-H1299 cells) also failed to have a significant restrictive effect on ON-YX-015 replication.
The simplest explanation of the replication differences between wt Ad5 and ONYX-015 in the different cell types is that they are due to the absence of the E1b 55-kDa protein (1, 28) , which has more or less impact on replication, depending on the cellular environment.
In summary, our data do not support the present model of attenuation of ONYX-015 replication in normal cells being due to p53 and/or p14 ARF . Attenuation of ONYX-015 in normal cells, as indicated by some of the clinical trial data (24), may be due to cell type differences or some other unknown factor. Although it appears that ONYX-015 may be useful in treatment of cancers, particularly in combination with standard chemotherapeutic agents (16), we still do not understand how it is selective for tumor cells.
